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The Andean ichthyofauna remains a poorly understood component of Neotropical
biodiversity, and stands in stark contrast to the lowland ichthyofauna in terms of number
of species and range of distribution. The Climate Variability Hypothesis (CVH) predicts
rapid turnover of species along elevational gradients in tropical climates, but it remains
unclear whether stream fishes follow this pattern. Astroblepid catfishes represent a
distinctive assemblage of species that inhabit high elevation streams throughout the
Andes from Panama to Bolivia, and constitute the only native fish family present in the
Ecuadorian highland region. In this research, population samples of Astroblepids
collected throughout Ecuador’s Napo Province over a 1000m elevational gradient were
designated a priori into groupings based on external morphological features. Groupings
based on morphological features were tested using DNA barcode sequences of the
mitochondrial gene cytochrome c oxidase subunit I (COI). Sequences were analyzed in a
phylogenetic context using Neighbor Joining and Bayesian Inference of Phylogeny.
Results of molecular analyses indicated COI barcode sequence divergence that confirmed
morphological designations in 2 of 14 cases, suggested the presence of cryptic diversity
in 6 of 14 cases, and failed to explain morphological variation in the remaining 6 of 14
cases. Morphological and molecular categorizations showed no trend with elevation or
temperature. Further molecular investigation using nuclear genes may help to resolve
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discrepancies between analyses and failure to match with morphological designations,
while broader geographic sampling may yield more consistent patterns of distribution.
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INTRODUCTION
Of all continents on Earth, South America is home to the greatest diversity of
freshwater fishes, with the Neotropical region’s fish fauna alone representing
approximately 10% of all known vertebrate species (Lundberg et al., 2000; Albert &
Reis, 2011a). The rate at which additional freshwater fish species are being described in
the Neotropics is astounding, with an average of one new species being described every
3.5 days over the last 10 years (Reis 2013). The Andean region is particularly important,
as it harbors the greatest concentration of biodiversity and endemic species in the
Neotropics (Brooks et al 2002, Schaefer 2010). Of 25 recognized global biodiversity
“hotspots”, the tropical Andes is considered the richest (Myers 1988, 1990, Myers et al
2000). However, comparatively little is known about the composition and taxonomy of
the Andean fishes compared to their lowland counterparts, perhaps because sampling at
higher elevations is considerably more difficult (Schaefer 2011a).
Freshwater fishes are often conspicuously missing from large-scale compilations
of Andean vertebrate diversity (Myers et al. 2000, Kattan et al. 2004), and few estimates
of the number of Andean fishes currently exist (Schaefer 2011a). In their online
presentation of global biodiversity hotspots (http://www.cepf.net/resources/hotspots/
South-America/Pages/Tropical-Andes.aspx), Conservation International estimates about
380 freshwater Andean fishes (131 considered endemic).

This stands in stark contrast to

the incredible diversity observed in other organisms in the Andes (30,000 species of
plants, 1700 species of birds, 1600 species of reptiles and amphibians, and 600 species of
mammals). Likewise, it stands in abrupt contrast to the diversity of fish species observed
throughout the Neotropical lowlands. This may be due to generally decreased diversity
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of fishes at higher elevations, but it may also be due to the fact that the Andean
ichthyofauna is not well described; compared with other Andean vertebrates, the
taxonomic composition, geographic distribution, and biogeographic history of Andean
freshwater fishes are very poorly known (Schaefer 2011a).
The biota of the Andean Region is well known for its high relative abundance of
endemic species and for exhibiting rapid rates of species turnover along elevational
gradients (Kessler 2002). This is at least partially explained by the Climate Variability
Hypothesis, which predicts that the width of thermal tolerance exhibited by a given
species reflects the magnitude of historical climatic variation that that species has
experienced over its evolutionary history (Dobzhansky 1950, Janzen 1967, Stevens
1989). Seasonal uniformity (and therefore decreased climatic variability) in the tropics is
thus expected to reduce overlap in thermal regimes experienced by species residing at
lower versus higher elevations. The CVH predicts that tropical species will have reduced
ranges of thermal tolerances compared to similar species living in temperate ecosystems
(Janzen 1967). In turn, tropical species should have reduced dispersal ability across
elevational gradients due to the greater likelihood of encountering lethal or stressful
temperatures than their temperate counterparts. The CVH concludes that this reduction
in dispersal ability represents an important mechanism for creating greater genetic
divergence among populations and ultimately resulting in greater species diversity in
tropical versus temperate ecosystems (Ghalambor et al 2006, McCain 2009). Such
patterns of rapid species turnover along an elevational gradient due to evolutionary
physiology have been well documented in other members of the poikilothermic
vertebrate fauna in the Andean region such as amphibians (Hutchinson 1982, Navas
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1996, 2003, Navas & Chauí-Berlinck 2007, Ruiz et al 1983). However, unlike Andean
frogs, these patterns have not been closely examined in Andean fishes. Determinants of
the distribution of Andean fishes and the elevational niche breadths of Andean fish
species remain poorly known (Schaefer 2010). Our current understanding of the
abundance and distribution of Andean fishes constrains our ability to assess their
conservation status and long-term viability, rendering these organisms particularly
vulnerable to a suite of human activities.
General prospects for the continued health and sustainability of the Andean biota
in the face of landscape modification and environmental changes are dire (Ellenburg
1979, Harden 2006). The Andes region is undergoing disproportionate levels of habitat
disturbance and destruction compared to other ecoregions. This is particularly true for
Andean rivers and streams which face significant challenges due to deforestation, riparian
land-use changes, climate change, and extensive planned hydrological changes associated
with diversions and dam construction. As of 2012, there were plans for 151 new
hydroelectric dams greater than 2MW to be built in 5 of the 6 major Andean Amazon
tributaries in the next 20 years; this represents a more than 300% increase in the number
of dams compared to the existing condition (Finer M, Jenkins CN. 2012). Mountain
streams provide a critical and intimate link between the Andes and the Amazon
floodplain; as headwater streams they are ecologically essential hydrological and
biological source regions to the mega-diverse lowland river systems of South America.
Freshwater fishes can serve as important indicators of ecological conditions because they
integrate a variety of stressors over a breadth of time scales (Neimi & McDonald 2004).
Improving our taxonomic and ecological understanding of the Andean ichthyofauna is
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likely to yield a better understanding of the health of these critically important
hydrological and biological source regions (Schaefer 2010, 2011b).
One important and poorly understood taxonomic component of the Andean
Ichthyofauna is the family Astroblepidae. The astroblepids represent the sister taxa to the
mega-diverse family Loricariidae (“the armored catfishes,” 96 genera and 716 species;
Ferraris 2007), which are common throughout the lowland rivers and streams of the
Neotropics.

Astroblepids resemble the loricariids with respect to their subterminal

mouths and expanded lips that form a ventral sucker. However, unlike loricariids,
astroblepids lack the characteristic bony scute structures that the armored loricariids are
named for. Hence, one of the common names for the astroblepid group is the “naked
sucker-mouth catfishes” (Nelson 2006).
Unlike the lowland-dwelling loricariids, the astroblepids are strictly Andean in
distribution, inhabiting mid-to-high elevation mountain streams from Panama to Bolivia
(Burgess 1989, Schaefer 2003). Most astroblepid species have restricted geographical
distributions and are limited to portions of specific watersheds and elevations between
1000 to 4000m (Schaefer 2003). They are highly adapted to high-gradient, fast-flowing
conditions that characterize Andean streams to which they are endemic. Astroblepids
have small bodies (typically less than 10 cm in length) that are dorso-ventrally
compressed in shape, with a flattened ventral surface. The eyes are oriented dorsally on
the head (the genus name Astroblepus reflects this characteristic, derived from the Greek
Aster or Astro- “star” and blepos- “to see,” literally “star gazers” in reference to the
dorsal placement of the eyes). The anterior ventral fin rays are broad, flattened, and
studded with sharp, posterior-facing denticles. These, in conjunction with their
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suckermouth, allow them to cling to stream bed substrates and move under high velocity
flow conditions. Specialized muscles attached to a highly flexible pelvic girdle allow for
great mobility of the denticle-studded pelvic fins (Burgess 1989). These specialized
structures allow the fish to “walk” against strong currents by slowly hitching themselves
forward with alternating attachment of the suckermouth and the pelvic fins. This strategy
for locomotion allows these fish to climb vertical surfaces, and they have been observed
climbing algae-covered rock surfaces in excess of 5 meters (Johnson 1912, Burgess
1989). It is this ability that gives astroblepids their other common name: “climbing
catfishes.”
Astroblepidae, in contrast to Loricariidae may be considered a somewhat
depauperate family, as it encompasses only the single genus Astroblepus; however,
Astroblepidae is actually the most species-rich single-genus family (Nelson 2006). The
genus Astroblepus currently contains 54 recognized species (Ferraris 2007, Schaefer
2011b). Fifty of the 54 nominal species were described before 1950 (Schaefer 2011b),
and the taxonomy and diversity of Astroblepid catfishes remains poorly resolved. With
the exception of an attempted taxonomic revision of the family conducted by Schaefer
(2011b), no revisionary studies of the group have been conducted since a monograph
produced by Reagan in 1904. Schaefer (2011b) stated that it is currently difficult to
distinguish between morphologically-designated species, as “most are defined only by
single-character contrasts or by overlapping and non-unique combinations of external
features that display high levels of inter-and intraspecific variation.” Morphological traits
traditionally used to define species boundaries such as body shape, fin size, fin
configuration, color and pattern tend to be confounded by variation in astroblepids
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(Schaefer 2011b). These highly variable characteristics may be the result of variability in
ontogeny, sexual dimorphism, and/ or local adaptation to geographic variation (Schaefer
2011b). The degree of morphological variation within and among astroblepid species,
especially those defined in part by unreliable coloration patterns, warrants the application
of independent sources of data in evaluating the validity of existing astroblepid
morphospecies (Schaefer 2011b).
Molecular tools can provide additional evidence for or against morphological
taxonomic concepts. DNA barcoding using Cytochrome c Oxidase subunit I (COI) has
proven to be a powerful tool for testing morphological taxonomic hypotheses in animals,
especially in cases where phenotypic plasticity confounds the characteristics traditionally
used for species delimitation (Hebert et al 2003a,b). Cryptic taxa that are
morphologically similar may be easily overlooked by traditional taxonomic methods and
identification methods based solely on morphological features (Knowlton 1993, Jarman
& Elliott 2000), and DNA barcoding may thus be especially useful for identifying the
presence of cryptic species (Hebert 2003a, Hajibabaei et al 2007a). Schaefer (2011b)
used DNA barcode sequence data to test the validity of nine Astroblepid morphospecies
(37 individuals total, with a maximum of 8 individual representatives of each
morphospecies) collected throughout southern Peru and Northern Bolivia, finding that in
some cases morphological designations were confirmed, whereas in other cases they were
refuted. To date, no such analysis has been conducted with Ecuadorian astroblepid
catfishes. Likewise, no such analysis has been conducted at a finer scale of resolution or
using a larger sample size of individuals of each morphospecies.
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This research attempts to test the validity of morphologically-based groupings of
astroblepid catfishes collected throughout Ecuador’s Napo Province using COI DNA
barcode sequences. Specifically, this research is designed to answer the following
questions:
1. How do a priori sub- groupings of Astroblepus vaillanti individuals based on
variable morphological characteristics correspond to classifications derived
from DNA barcode sequence data?
2. Based on COI sequence variation, how do the population of Astroblepus
assessed in this study relate phylogenetically to existing Astroblepus COI
sequences generated from previous work that was geographically broader, yet
more limited in sample size?
3. Do morphological sub-categorizations and/ or genetic species complexes
exhibit a strong trend of turnover over an altitudinal range?
METHODS
STUDY REGION AND SPECIMEN COLLECTION
This research was conducted as a subcomponent of a larger, NSF- funded project
(EVOTRAC) in partial fulfillment of the objective to uncover cryptic species diversity in
tropical and temperate streams; thus, the majority of collection sites were selected from
those sites already being utilized by the EVOTRAC project for its tropical component in
Ecuador. The EVOTRAC study region in Ecuador encompasses the major headwater
tributaries of three Andean rivers in Ecuador’s Napo Province: the Oyacachi, the
Papallacta, and the Cosanga. Collectively these streams join to form the Quijos and later
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the Coca River, before draining into the Napo River, a major Amazon tributary.
Additional sites were selected outside of the EVOTRAC study area to expand the range
of elevations sampled. These included headwater tributaries of Río Hollín, a lower
elevation Andean tributary of the Napo River.
A total of 65 headwater streams at elevations ranging from 500m to 3700m were
sampled between January 2013 and February 2014, with a targeted vertical separation of
~100m between each stream. A “snapshot” instantaneous measurement of water
temperature, dissolved oxygen, and conductivity was collected at each site at time of
sampling using a multi-parameter sonde (YSI, Inc., Yellow Springs, OH, USA). Streams
and associated riparian areas varied in degree of human disturbance, ranging from
undisturbed streams in the Sumaco Forest Reserve to heavily grazed and trampled cow
pasture streams in the Baeza area. All localities were coded in the field using a global
positioning system (Garmin GPSmap 60Cx), mapped in ArcMap 10.0, (ESRI 2010) and
visualized using a digital elevation model (DEM) obtained from Ecuador’s Instituto
Geográfico Militar.
At each site, Astroblepus were collected from an approximately 200m reach using
seines and dipnets. When Astroblepus were present, 10-20 individuals were collected.
At the time of data collection for this study, there was a lack of existing COI barcode data
for Astroblepus vaillanti, and thus no sequences available for use in construction of a prestudy haplotype discovery curve (as per Zhang et al 2010) from which to obtain an
estimate of sample size of number of specimens necessary to create a reliable reference
for species identification using DNA barcoding. Thus, due to limitations imposed by
cost, Ecuador’s laws regarding collection permit quotas for endemic fish species, and
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uncertainty regarding the conservation status of astroblepids, a sample size of 10-20
individuals was chosen as the most realistic alternative.
Specimens were photographed alive, euthanized, then preserved for
morphological and genetic study. Each specimen collected was individually
photographed while still alive using a Cannon EOS 550 D camera with a Cannon EFS60mm f/2.8 Macro lens (Cannon INC. 2005). Dorsal, ventral, and left side lateral
pictures were taken against a white diffuser board background. After photographs were
taken, specimens were anesthetized and euthanized following IACUC protocol. An
approximately 3mm by 3mm piece of tissue was then clipped from the right pectoral fin
of each fish and preserved in a 1.5ml cryogenic vial with 100% ethanol for genetic
analysis. The fish bodies were then preserved in 70% ethanol in an associated vial and
archived as voucher specimens in Ecuador’s Universidad Tecnológica Indoamérica’s
Museum of Natural History.
MORPHOSPECIES DESIGNATION
Based on external morphological characters and comparison to specimen
collections archived in Ecuador’s National Polytechnic Institute in Quito, the astroblepids
collected in this effort were identified as Astroblepus vaillanti (Regan, 1904).
Identification was confirmed by a local expert on Ecuadorian fish taxa: Dr. Ramiro
Barriga Salazar (also from Ecuador’s National Polytechnic Institute in Quito). Despite
being identified as members of a single morphological species complex, these individuals
exhibited a high degree of variability representing a broad continuum of external
morphological characteristics including variability in color pattern, fin ray length, size
and shape of adipose fin, length of maxillary barbels, and shape of ventral oral sucker.
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Based on these features, specimens were assigned to 14 sub-categories representing
groups with the smallest mutually exclusive set of unique external morphological features
and/ or unique combinations of features (as per Nixon and Wheeler, 1990). The matrix
of morphological characters and states used to assign individuals to morphological subgroup designations are shown in Table 1. These 14 subgroups are coded alphabetically
(letters A-N) and are from here forward referred to as “morphs” (Figures 1- 14).
DNA BARCODE SEQUENCING
Total genomic DNA was extracted and PCR was conducted using standard
protocols from the Canadian Center for DNA Barcoding (http://ccdb.ca/resources.php;
Ivanova et al. 2005, Hajibabaei et al. 2005, Ivanova et al. 2006a, b). All extracted
material was stored at -80 C. A fragment region 650-680bp in length of cytochrome c
oxidase subunit 1 (COI) gene was amplified using C_FishF1t1 – C_FishR1t1 (Fish
cocktail; Ivanova et al. 2007),

C_VF1LFt1 – C_VR1LRt1 (Mammal cocktail; Ivanova

et al. 2007), or a custom mixture of primers pairs VF2_t1
5’TGTAAAACGACGGCCAGTCAACCAACCACAAAGACA
TTGGCAC-3’ and VR1_t1 5’-CAGGAAACAGCTATGACTAGACTTCTGGGTGG
CCAAAGAATCA-3’ (Ivanova et al. 2007). Both strands of the PCR fragments were
used as templates, and extension was terminated using a Big Dye Ready Reaction Kit.
PCR products were then sequenced using primers for M13-tailed products: M13F (-21)
5’-TGTAAAACGACGGCCAGT-3’ and M13R (-27) 5’CAGGAAACAGCTATGAC-3’
(Messing 1983) and high throughput sequencing techniques at Cornell University’s DNA
Sequencing Facility. Contigs were built and sequences edited in SEQUENCHER version
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4.8 (Gene Codes, Ann Arbor, MI, USA). Edited sequences were uploaded to the Barcode
of Life Database (BOLD; http://www.boldsystems.org; Ratnasingham & Hebert 2007).
GENETIC DISTANCES AND PHYLOGENETIC ANALYSES
Barcode-compliant (minimum length 500 bp, < 1% ambiguous base calls, no stop
codons or gaps) sequences were downloaded from BOLD and aligned using MUSCLE
(Edgar 2004) in MEGA v. 6 (Tamura et al. 2013). Pairwise genetic distances among all
specimens were calculated using the Kimura 2-parameter model with 100 bootstrap
replicates (Kimura 1980). The frequency distribution of these distances was plotted to
visualize the barcode gap and establish a threshold for species delimitation. Based on the
frequency distribution of pairwise genetic distances, a 2% divergence criterion was
chosen (Avise 2000, Ball et al. 2009, Zhou et al. 2009).
Two analysis methods were used to infer evolutionary relationships and genetic
species complex validity: a neighbor-joining (NJ) analysis and a Bayesian Inference of
Phylogeny (BIP) analysis. The neighbor-joining analysis was conducted in MEGA v. 6
also using the Kimura-2-parameter model for nucleotide substitution with pairwise
deletion option (Kimura 1980). Nodal support was assessed using 100 bootstrapped
replicates. The BIP analysis was conducted using Mr. Bayes v 3.2 (Huelsenbeck &
Ronquist 2001, Ronquist & Huelsenbeck 2003). Due to computational limitations,
redundant sequences were removed from the alignment. Two simultaneous runs were
executed using random starting trees and 4 Markov chains for 10 million generations
sampled every 1000 generations, with the first 25% of sampled trees being disregarded as
“burn in”. In order to ensure that the two simultaneous independent runs converged and
reached stationarity, the average standard deviation of split frequencies was checked to
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ensure that it was <0.01, effective sample sizes for parameters were checked to ensure
that they were >200, and the –ln likelihood scores were plotted against generation time in
Tracer v 1.6 (Rambaut et al. 2014). A 50% consensus tree was then constructed, and
nodal support assessed based on posterior probabilities. The resultant tree was visualized
and color-coded using Mega 6. In addition, the BOLD Barcode Index Number (BIN)
(Ratnasignham & Hebert 2013), a feature which uses refined single linkage (RESL)
clustering to assign records as separate putative species, was downloaded from BOLD
and compared to the results of both the NJ and BIP analyses.
To place the COI sequence diversity of the population of Astroblepus assessed in
this study within the context of previous work that has been conducted over
geographically broader scales, neighbor-joining and Bayesian analyses were carried out
with the addition of all other currently available Astroblepus COI sequences from other
studies. These sequences (43 total) are archived on GenBank from Schaefer’s previous
phylogenetic study of un-named astroblepid morphospecies from Peru (Schaefer 2011).
The sequences were downloaded from GenBank and added to the alignment with the 348
sequences obtained in this research, along with sequences for two loricarids as outgroup
taxa: Farlowella nattereri and Lamontichthys stibaros. A neighbor-joining analysis and a
Bayesian Inference of Phylogeny was then carried out using all 391 astroblepid
sequences using the same methods detailed above, and trees were subsequently
constructed using F. nattereri and L. stibaros as roots.

13
RESULTS
SEQUENCING
Of the 362 individual fishes whose COI genes were sequenced, 348 (96%)
resulted in sequences long enough and of sufficient quality to be considered barcode
compliant (minimum length 500 bp, < 1% ambiguous base calls, no stop codons or gaps).
A sequence length distribution histogram of all compliant sequences is shown in figure
15. Sequence quality statistics and trace file quality statistics of barcode compliance are
shown in Tables 2 and 3. All barcode compliant sequences were considered high quality
(Table 2), and over 91% of trace files were considered medium to high quality (Table 3).
Non-barcode compliant sequences and failed trace files were excluded from the analyses.
GENETIC DISTANCES AND PHYLOGENETIC ANALYSES
Pairwise genetic distances among all specimens ranged from 0.00 to 13.9% with a
mean of 2.13% (SE= 0.017%). A relative frequency distribution of all combinations of
pairwise genetic distance comparisons are plotted in Figure 16. The majority of
comparisons (83.66%) observed were below the 2% divergence criterion. The remaining
16.34% of pairwise comparisons met or exceeded the 2% divergence criterion.
The evolutionary history was inferred using the Neighbor-Joining method (Saitou
& Nei 1987). The optimal tree with the sum of branch length = 0.24135019 is shown as
a condensed tree in Figure 17. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (100 replicates) are shown next to the
branches, as per the standard for confidence limits on phylogenies (Felsenstein 1985).
Nodal support assessed using 100 bootstrap replicates was >95% in all cases, with some
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as high as 99%. The tree is drawn to scale, with branch lengths in the same units as those
of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Kimura 2-parameter method (Kimura 1980) and are in
the units of the number of base substitutions per site. The analysis involved 348
nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All
ambiguous positions were removed for each sequence pair. There were a total of 705
positions in the final dataset. This tree resulted in separation of the 348 sequences into
four branches representing four unique genetic species complexes. In all figures, these
are color coded as genotype 1 (light green), genotype 2 (dark blue), genotype 3 (light
blue), and genotype 4 (light red).
The results of the same neighbor joining analysis procedure with added inclusion
of all available Astroblepus sequences from GenBank are shown in Figure 18. One of the
four genetic species complexes identified within the sequences generated from this study
(genotype 2, shown as dark blue) matched two previously generated sequences obtained
from Peru’s Maranon River (Genbank Accession # HMO49076 and HMO49077;
Schaefer 2011). No other genotypes identified in this study matched previously barcoded
Astroblepids; genotypes 1 (light green), 3 (light blue), and 4 (light red) remained grouped
as unique genetic species complexes.
The 50% majority rule consensus tree for the Bayesian Inference of Phyolgeny
analysis is shown in Figure 19. This tree resulted in separation of the 348 sequences
analyzed into five separate genetic species complexes. Genotypes 1-4 were consistent
with those designated in the neighbor joining analysis (figure 17). The additional genetic
species complex (genotype 5) resulted from splitting of genotype 4 into two distinct
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designations. Genotype 5 is color coded as dark red. Nodal support was assessed using
posterior probabilities, and was >99% in all nodes except for genotype 2 (dark blue),
which was 93%. The results of the same Bayesian Inference of Phylogeny procedure
with added inclusion of all available Astroblepus sequences from GenBank are shown in
Figure 20. As in the neighbor joining analysis (figure 17), genotype 2 (dark blue)
matched previously barcoded fish from Peru’s Maranon River.
The results of the refined single linkage clustering analysis by BOLD are shown
as the Barcode Index Numbers in Table 4. BOLD’s BIN system identified five unique
BIN designations (five genetic species complexes), which corresponded directly to
genotypes 1-5 identified in the Bayesian analysis. Genotype 1 is designated as BOLD
BIN ACH0325, genotype 2 as ACM2695, genotype 3 as ACH0324, genotype 4 as
ACM9709, and genotype 5 as ACM2873.
MORPHOSPECIES VS GENETIC SPECIES COMPLEXES
The survey of external morphological features of the Astroblepus vaillanti
collected during this study resulted in the recognition of 14 morphs, (Table 1, Figures 114; morphs designated A-N); whereas the neighbor joining analysis resulted in the
recognition of 4 genetic species complexes, and the Bayesian Inference of Phylogeny and
BOLD refined single linkage clustering analyses resulted in the recognition of 5 genetic
species complexes. Correspondence of a priori morphological designations to
subsequent molecular categorizations are shown in Table 5.
Two morphs (L and M) were categorized into unique and separate genetic species
complexes by the Bayesian analysis (genotypes 4 and 5, respectively). Two individuals
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total were designated a priori as morph L, and both of these individuals were categorized
as genotype 4 in the Bayesian analysis and assigned a unique BOLD BIN (ACM9709).
Likewise, two individuals total were designated a priori as morph M, and both of these
individuals were categorized as genotype 5 in the Bayesian analysis and assigned a
unique BOLD BIN (ACM2873). However, all 4 individuals from morphs L and M were
categorized into the same genetic complex (genotype 4) by the neighbor joining analysis.
Six morphs (A, E, F, G, I, and J) were categorized into more than one genetic
species complex (i.e., these six morphs were indicated as containing cryptic genetic
diversity). A total of 98 individuals were designated a priori as morph A. Of these
individuals from morph A, 97 were categorized into genotype 1 and a single individual
was categorized as genotype 2 in all molecular analyses. A total of 20 individuals were
designated a priori as morph E. Of these individuals from morph E, 11 were categorized
as genotype 1 and nine were categorized as genotype 2 in all molecular analyses. A total
of 17 individuals were designated a priori as morph F. Of these individuals from morph
F, 13 were categorized as genotype 1 and four were categorized as genotype 2 in all
molecular analyses. A total of 20 individuals were designated a priori as morph G. Of
these individuals from morph G, 17 were categorized as genotype 1 and three were
categorized as genotype 3 in all molecular analyses. A total of 11 individuals were
designated a priori as morph I. Of these individuals from morph I, 10 were categorized
as genotype 1 and a single individual categorized as genotype 3 in all molecular analyses.
A total of 9 individuals were designated a priori as morph J. Of these individuals from
morph J, 8 were categorized as genotype 1 and a single individual categorized as
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genotype 2 in all molecular analyses. All genotype designations for morphs (A, E, F, G,
I, and J) corresponded to unique BOLD Barcode index numbers.
The remaining six morphs (B,C,D, H, K, and N) were assigned to single genetic
species complex designations that contained additional morphs. A total of 78 individuals
were designated a priori as morph B, and all 78 individuals were categorized as genotype
1 in all analyses. A total of 45 individuals were designated a priori as morph C, and all
45 individuals were also categorized as genotype 1 in all analyses. A total of 25
individuals were designated a priori as morph D, and all 25 individuals were categorized
as genotype 1 in all analyses. The 14 individuals designated a priori as morph H were
likewise all categorized as belonging to genotype 1 in all analyses. Morph K (5
individuals total) and morph N (2 individuals total) were all categorized as belonging to
genotype 3 in all analyses. Barcode Index Numbers matched these genotype
categorizations.
HABITAT CONDITIONS AND GEOGRAPHIC PATTERNS OF DISTRIBUTION
A total of 362 Astroblepus specimens were collected from 29 of the 65 sites
sampled (Figure 21). Although the elevational range sampled spanned from 500m to
3700m, Astroblepus were only found to be present between 1431- 2453m. A similar
situation existed for water temperature: Water temperature throughout the sites sampled
ranged from 7.20C to 23.71C, but Astroblepus were only captured at temperatures
ranging from13.00C to 19.56C.
With respect to morphological designations, no strong trends of turnover along an
elevational gradient were observed. Elevational ranges of morphs A-N are shown in
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Table 6, and plotted in Figure 22. Morphs E and F were collected over the broadest
elevational range (1431m-2453m), and all other morphs were collected at elevations
nested within this range. Morphs K, L, and M were only collected from single sites, and
thus had the narrowest elevational ranges (1689m, 1829m, and 1431m, respectively).
As was the case with elevational gradient, no strong trends of morphological
variation along a temperature gradient were observed. Water temperature ranges of
morphs A-N are shown in Table 6 and plotted in Figure 23. Morphs C, D, and G were
collected over the broadest water temperature range (13.00-19.56C), and all other morphs
were collected at water temperatures nested within this range. Morphs K, L, and M were
collected for single sites, and thus had the narrowest water temperature ranges (15.26C,
16.34C, and 18.04C, respectively).
Genetic species complex designations also did not exhibit strong trends of species
turnover along an elevational gradient; however, unlike the morphological designations,
no single genetic species complex spanned the entire range of elevations observed.
Elevational ranges of genotypes 1-5 are shown in Table 7 and plotted in Figure 24.
Genotypes 2 and 5 were both captured from the lowest site (1431m), with the 2
individuals representing genotype 5 having been restricted to that site. A total of 15
individuals representing genotype 2 were collected, and 12 of these were collected at the
lowest site (1431m). Genotype 4 was restricted to a single site at 1829m. Genotype 3
was collected over an intermediate elevational range (1689m-1848m). Genotype 1 was
collected over the broadest elevational range (1650-2453m).
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No strong trends of genetic species turnover along a temperature gradient were
observed. Water temperature ranges of genotypes 1-5 are shown in Table 7 and plotted
in Figure 25. Genotype 1 was collected over the broadest temperature range (13.0019.56C), and all other genotypes were collected at temperatures nested within this range.
Genotypes 2 and 3 were collected at intermediate temperature ranges of 15.37-18.48C
and 15.02-17.01C, respectively. Genotypes 4 and 5 were collected from single sites, and
thus exhibited the narrowest temperature ranges (16.34 and 18.04 C, respectively).
Geographic distribution maps of collections by genotype are shown in Figures 2630. The most common genetic species complex (referred to here as “Genotype 1 and
depicted in green on the NJ and BIP trees, n=318) was collected at 28 of 29 sites where
Astroblepus were present (Figure 26). The second most common genetic species
complex (Genotype 2, dark blue, n=15) was collected at 3 sites, sympatrically with
Genotype 1 in all cases as well as sympatrically with Genotype 5 in one case (Figure 27).
The third most common genetic species complex (Genotype 3, light blue, n=11) was
collected from 3 sites, always sympatrically with Genotype 1 and in one case
sympatrically with genotype 4 (Figure 28). Only two individuals of genotype 4 (light
red) were collected, and both were collected from a single site where they occurred
sympatrically with genotypes 1 and 2 (Figure 29). Likewise, only two individuals of
genotype 5 were collected, and both were collected from a single site where they
occurred sympatrically with genotype 3 (Figure 30). Thus, genotype 1 occurred
sympatrically with all other species complexes except genotype 5. Genotypes 2 and 3
(light blue and dark blue) were never captured from the same site. Genotypes 4 and 5
(light red and dark red) likewise never co-occurred.
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DISCUSSION
A priori sub- groupings of Astroblepus vaillanti individuals from the study region
based on variable morphological characteristics did not correspond directly to
classifications derived from DNA barcode sequence data. Fourteen separate
morphological designations were made based on groupings of individuals representing
the smallest mutually exclusive set of unique external morphological features and/ or
unique combinations of features. However, despite the occurrence of unique
combinations of morphological features that allowed for the identification of all 14
morphs, the corresponding analyses of mitochondrial gene sequence data failed to
identify unique molecular characters for all 14 morphs. When the validity of each morph
group designation was tested by analyses that utilized COI barcode sequences,
morphological designations were confirmed with unique molecular characters in only 2
of 14 cases (morphs L and M). The other 12 morphs failed to be confirmed by the
molecular analyses. Six of the 14 morphs (morphs A, E, F, G, I, and J) were recovered as
belonging to more than one genetic species complex; thus, in these cases, genetic
diversity exceeded morphological categorizations. The remaining 6 cases (morphs
(B,C,D, H, K, and N) were assigned to single genetic species complex designations that
contained additional morphs; thus, in these cases, morphological diversity exceeded the
extent of genetic categorizations. This outcome may call to question the utility of the
morphological features hypothesized at the outset as uniquely defining these morphs, but
it more likely calls to question the utility of small sample sizes of COI barcode sequences
for delimiting species, and the sensitivity of various analyses to detecting interspecific
variation in the presence of varying levels of intraspecific variation.
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This is particularly well illustrated by the case of Morphs L and M- the only two
morphs confirmed by unique molecular characters in the genetic analyses. Morph L was
recovered as being the only morph that comprised the genetic species complex genotype
4. Morph M was recovered as the only morph that comprised genotype 5. However,
even in these two best case scenarios, morphs L and M were only designated as separate
genetic species (genotypes 4 and 5) within the context of the Bayesian Inference of
Phylogeny and the BOLD Barcode Index Number; the neighbor joining analysis lumped
both of these putative separate species together as a single genetic complex (genotype 4).
The characters used to define these two morphs were particularly distinguishable and
followed a more discreet incidence of occurrence than some of the characters used to
define other morphs which appeared to fall on more of a continuum of states. That is,
these two morphs are very clearly recognizable from one another (Figures 12 and 13).
Morph L was defined by a clefted lower lip, abbreviated first rays on pectoral fins,
abbreviated premaxillary barbels, presence of distinct ventral maxillary barbels, an
abbreviated adipose fin, and a distinctively dark charcoal gray body coloration with no
distinct markings or patterns (Table 1, Figure 12). Morph M was defined by a clefted
lower lip, very elongated first rays of pectoral fins, very elongated premaxillary barbels,
the absence of distinct ventral maxillary barbels, an elongated and bladelike adipose fin,
and a distinctively light body coloration with no distinct markings or patterns (Table 1,
Figure 13). Based on traditional morphological species delimitation concepts, it seems
that the morphological character and character state differences between these two
morphs are sufficiently robust to warrant delimitation as separate species; however, the
neighbor joining analysis failed to confirm this designation. It is possible (perhaps
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probable) that the small sample size (N=2 sequences from each morph) was responsible
for this discrepancy.
Due to lack of existing COI barcode data at the time of study design, construction
of a pre-study haplotype discovery curve was not possible, and the sample size of 10-20
individuals per site used in this study was chosen based on limitations imposed by cost,
Ecuador’s laws regarding collection permit quotas endemic fish species, and uncertainty
regarding the conservation status of astroblepids. However, the number of specimens
needed to create a reliable reference for species identification using DNA barcoding
remains a subject of debate. In the majority of barcoding studies, depth of individual
species sampling tends to be sacrificed in favor of greater taxonomic coverage breadth
(Matz & Neilsen 2005, Zhang et al 2009). This is exemplified by the fact that most
barcoding studies archived in the Barcode Of Life project’s database (BOLD) typically
includes sequences from only 5–10 individuals for the majority of species (Hajibabaei et
al. 2007b). The results of a likelihood ratio test developed by Matz and Neilsen (2005)
and subsequent simulation study using coalescence simulations and data from butterflies
and frogs suggested 12 individuals per species as the minimum value needed to have a
theoretical chance of rejecting species membership at the 5% significance level (Matz &
Nielsen 2005). For morphs I, J, K, L, M, and N this threshold value was not met, as only
11, 9, 5, 2, 2, and 2 individuals, respectively were collected as representatives of these
morphs. A similar study using real sequences from skipper butterflies of the Astraptes
fulgerator complex and data simulated under coalescent models suggested that the
minimum effective sample size for the COI barcoding region could be as large as 250-
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1200 specimens necessary to cover 95% of the genetic diversity of a species (Zhang et al
2010). Here, even morph A (N=98) would fall short.
The lack of consensus surrounding sample size needed for effective species
identification based on DNA barcoding is largely due to the lack of uniform levels of
genetic variability between different taxa. For DNA barcoding to work effectively, the
rate of molecular evolution of the barcode sequence must be such that it exhibits a high
degree of similarity among individuals belonging to the same species and a high degree
of divergence among individuals that represent members of different species (Hebert et
al. 2003a). This issue of differing degrees of sequence variability between and within
taxa yields uncertainty not only in the case of attempting to estimate effective sample size
for barcoding, but also in the case of establishing sequence divergence threshold values
for which to base species delimitation and phylogenetic analyses on. This is especially
problematic in groups that are not well-studied and therefore lack previously generated
genetic data (such as astroblepids).
DNA barcoding is, in theory, a standardized approach for species identification
where an agreed upon genomic region (in animals, a 648 base pair region of
mitochondrial gene Cytochrome c Oxidase subunit I) is used as a molecular marker that
can be sequenced and compared among individual specimens (Hebert et al. 2003a, b).
However, some aspects of its practice are still far from standardized. One such aspect is
the question of the threshold level of sequence divergence at the specified region of COI
sufficient for delimitation of distinct taxa remains contentious. In this study a threshold
level of 2% divergence was used. However, other thresholds have been proposed (e.g.
10X the intraspecific divergence as per Hebert et al. 2004). Based on what cutoff
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threshold is used, and how sensitive a given analysis method is to that threshold, results
of analyses for DNA barcode data may vary. Were a different threshold determinant
used in the analyses performed in this study, different results may have been observed.
Also called to question by the results of this study is the degree to which
mitochondrial gene sequencing alone (namely barcoding using only COI) is sufficient for
making species delimitations. Mitochondrial genes generally evolve faster and
accumulate more substitutions than nuclear genes (Galtier et al. 2009); thus the
phylogenetic signal useful for resolving relationships among species may sometimes be
lost in DNA barcodes. Loss of phylogenetically informative character states from
sequence data may occur if differentiation of the sequence is masked by reversals to
ancestral states by random chance (saturation). Nuclear genes evolve more slowly and
accumulate fewer substitutions than mitochondrial genes (Galtier et al. 2009). Further
research combining these COI sequence analyses with analyses of additional
mitochondrial genes such as cytochrome b (CytB) or analyses of sequences from nuclear
regions such as Recombination-Activating Gene subunit I (RAG-I), 16S ribosomal RNA
(16s rRNA) may yield better insight into the extent of genetic variation present within
and between astroblepid morphospecies.
Morphological and molecular categorizations showed no strong trends over an
elevational or thermal range. The Climate Variability Hypothesis predicts that the width
of thermal tolerance exhibited by a given species reflects the magnitude of historical
climatic variation that that species has experienced over its evolutionary history
(Dobzhansky 1950, Janzen 1967, Stevens 1989). An evolutionary history characterized
by high degrees of seasonal uniformity (as is typical of tropical organisms) is expected to
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result in reduced ranges of thermal tolerances and, therefore, reduced dispersal ability
across elevational gradients due to the likelihood of encountering lethal or stressful
temperatures. The CVH concludes that reduction in dispersal ability due to evolutionary
physiology represents an important mechanism for creating greater genetic divergence
among populations, greater diversity in the tropics than in temperate regions, and patterns
of rapid species turnover along an elevational gradient (Ghalambor et al 2006, McCain
2009). Such patterns of rapid species turnover along an elevational gradient due to
evolutionary physiology have been well documented in other members of the
poikilothermic vertebrate fauna in the Andean region such as amphibians (Hutchinson
1982, Navas 1996, 2003, Navas & Chauí-Berlinck 2007, Ruiz et al 1983). The results of
this study, however, do not indicate such patterns of rapid species turnover along an
elevational gradient within the Andean fish fauna, neither in terms of morphological
species designations nor in terms of molecular designations. While the CVH may work
well for explaining the distributions of various amphibian species in the Andes, it may
not offer the best explanatory model for Andean astroblepid catfish species distributions.
This study was designed to answer questions concerning elevational patterns of
astroblepid distributions, and the geographic breadth of the study area was thus too
narrow to thoroughly examine horizontal (lateral) patterns of astroblepid distributions.
However, some horizontal patterns of astroblepid distributions have been examined in
other works (e.g. Schaefer 2010, Carvajal-Quintero et al 2015), and determinants of the
distribution of astroblepids (and other Andean fishes) may be better explained by using
the concept of a river drainage basin as a biogeographical island (Eadie et al 1986,
Schaefer 2010). River basins can be considered as islands of water bounded by mountains
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or other elevated land (Berra, 2001; Schaefer 2010), and biogeographic studies of
freshwater fishes that have examined river basins as the fundamental geographic units of
interest have proposed mountain building as a primary agent of change in the evolution
and diversification of the fish fauna (Lundberg et al 1998, Albert et al 2006, Schaefer et
al 2010).
Unlike other aquatic groups with a terrestrial (or semi-terrestrial) adult life stage,
stream fishes are restricted to the wetted channel, and are thus less vagile than their
amphibian or aquatic insect counterparts (Matthews 1998). That is, fishes cannot move
overland to adjacent islands of water; they must first swim downstream to a larger river
before swimming up the next tributary. Fish habitat in freshwater river systems may be
longitudinally fragmented by natural waterfalls and rapids or by human built structures
such as dams. The longitudinal fragmentation of river networks has been proposed as a
biogeographic factor that shapes ecological communities, as such fragmentation may
limit fish dispersal processes and isolate populations (Oberdorff et al. 1999; Dias et al.
2013). Because of their already limited mobility, fragmentation of the river system may
play an even more important role in promoting isolation of populations and limitations to
gene flow in fishes than it does in other aquatic groups.
In addition to physical structures that act to longitudinally fragment river habitat,
the establishment of invasive species that predate on or outcompete native stream fish
species may act as a biological barriers that limit dispersal and restrict gene flow in the
same manner as a structure such as a dam (Rahel et al 2008). Several of the main stem
rivers (Oyacachi, Papallacta, Cosanga. and Quijos) associated with the headwater stream
study sites sampled during this research have been inundated by Rainbow Trout

27
(Oncorhynchus mykiss) during the last century due to escape from riverside hatchery
ponds and intentional stocking. Non-native salmonids have been shown to predate on
small-bodied stream fishes and negatively influence native species of concern (Turek et
al 2013). If trout predation in these main stem rivers is significantly high, it may pose a
gene flow barrier by limiting the movement of astroblepids between adjacent tributary
drainages.
Further research utilizing larger sample sizes of astroblepids and the sequencing
of additional molecular markers is necessary to resolve discrepancies in astroblepid
taxonomy. Research investigating the potential impact of trout predation on astroblepids,
as well as gene flow between populations of Astroblepus using microsatellites is
necessary to better understand the potential impacts on dispersal caused by fragmentation
of river networks by human activities and invasive species. These efforts, combined with
investigations of patterns of astroblepid distributions across a broader spatial scale may
better resolve questions of determinants of astroblepid distributions (as well as those of
other Andean stream fishes). Such contributions are necessary to obtain a foundational
knowledgebase needed for effective conservation of this poorly understood family and
the Andean ichthyofauna as a whole.
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TABLES AND FIGURES

Table 1. Character matrix showing variable morphological character states used to assign
individuals to morphological sub-groups “morphs” A-N.
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Figure 1.. Morph A (N=98); Individual pictured is 1407.M6.
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pictured is 1407.M15.
Figure 2. Morph B (N= 78); Individual pictu

40

Figure 3. Morph C (N= 45); Individual pictured is 1401.M14.

41

Figure 4. Morph D (N= 25); Individual pictured is 1410.M3.

42

Figure 5. Morph E (N= 20); Individual pictured is 1402.M2.

43

Figure 6. Morph F (N= 17); Individual pictured is 1405.M5.

44

Figure 7. Morph G (N= 20); Individual pictured is 1401.M5.
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Figure 8. Morph H (N= 14); Individual pictured is 1407.M11.

46

1407.M3.
Figure 9. Morph I (N= 11); Individual pictured is 140

47

Figure 10. Morph J (N= 9); Individual pictured is 1406.M12.
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Figure 11. Morph K (N= 5); Individual pictured is 1404.M4.

49

Figure 12. Morph L (N= 2); Individual pictured is 1407.M2.

50

Figure 13. Morph M (N= 2); Individual pictured is 1402.M4.
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Figure 14. Morph N (N= 2); Individual pictured is 1408.M3.
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Table 2. COI-5P Sequence quality statistics for 348 Astroblepus sequences.
High
(<1% Ns)
100

Medium
(<2% Ns)
0

Low
(<4% Ns)
0

Unreliable
(>4% Ns)
0
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Table 3. Trace quality statistics for 724 Astroblepus sequence trace files.
High(%)

Medium(%)

Low(%)

Failed(%)

81.52

10.35

2.23

5.9
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Figure 15. Length distribution of 348 barcode-compliant sequences uploaded to BOLD.

55

Figure 16. Histogram depicting relative frequency distribution of pairwise genetic
distance comparisons among all 348 A. vaillanti COI barcode sequences.
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Figure 17. Condensed Neighbor Joining tree depicting four genetic species complexes
present in 348 barcode-compliant COI-5P sequences analyzed.

57

Figure 18. Condensed neighbor joining tree depicting phylogenetic relationship between
the 4 genetic species* complexes identified in this study and all other existing astroblepid
sequences archived on GenBank.
*See table 4 for color code reference
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Figure 19. Tree constructed using Bayesian phylogenetic inference method depicting
five genetic species* complexes present in 348 barcode-compliant COI sequences. For
reasons of keeping tree a reasonable size, only 15 sequences of genotype 1 (most
common/ light green) are shown.

*See table 4 for color code reference
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Figure 20. Tree constructed using Bayesian phylogenetic inference method depicting
phylogenetic
hylogenetic relationship between the 5 genetic species* complexes identified in this
study and all other existing astroblepid sequences archived on GenBank. Condensed
format using 75% similarity cutoff.

*See table 4 for color code reference
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Table 4. Genetic species complexes identified during neighbor joining and Bayesian
analyses correspond to BOLD’s Barcode Index Numbers.
COLOR CODE

NJ Analysis

BIP Analysis

BOLD’s BIN

Light Green

Genotype 1

Genotype 1

ACH0325

Dark Blue

Genotype 2

Genotype 2

ACM2694

Light Blue

Genotype 3

Genotype 3

ACHO324

Light Red

Genotype 4

Genotype 4

ACM9709

Dark Red

N/A

Genotype 5

ACM2873
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Table 5. Correspondence of morphological designations to genetic species complex
categorizations based on molecular analyses.

Genetic
Molecular Species
Analysis Complex A
1
97
Neighbor
2
1
Joining
3
4

Bayesian
Inference of
Phylogeny

BOLD
Barcode
Index
Number

1
2
3
4
5

97
1

ACH0325 97
ACM2694 1
ACH0324
ACM9709
ACM2873

Morphological Designation (Morph)
B
78

C
45

D
25

E
11
9

F
13
4

G
17

H
14

3

I
10

J
8
1

1

K

L

5

45

25

11
9

13
4

17

14

3

10

N

2
2

78

M

2

8
1

1

5

2
2
2

78

45

25

11
9

13
4

17
3

14

10
1

8
1
5

2
2
2
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Figure 21. Map of all stream sites sampled, including those with Astroblepus present/
not present.
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Table 6. Temperature and elevation ranges of collection sites for morphs A-N.
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Figure 22. Boxplot of elevational ranges for morphs A-N.
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Figure 23. Boxplot of water temperature ranges for morphs A-N.
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Table 7. Temperature and elevation ranges of collection sites for genotypes 1-5.

67

Figure 24. Boxplot of elevational ranges for genotypes 1-5.
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Figure 25. Boxplot of water temperature ranges for genotypes 1-5.
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Figure 26: Sites where individuals representing genotype 1 were captured.
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Figure 27: Sites where individuals representing genotype 2 were captured.
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Figure 28. Sites where individuals representing genotype 3 were captured.

72

Figure 29. Site where individuals representing genotype 4 were captured.
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Figure 30. Site where individuals representing genotype 5 were captured.

